HapticFlo w: PDE-Based Mesh Editing with Haptics
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This paperpresentdHapticFlow, a haptics-basedirectmeshediting systemfoundeduponthe conceptof PDE-basedjeo-
metricsurface o w. Theproposedo w-basedapproacHor directgeometriananipulatioroffersauni ed designparadignthat
canseamlesslyntegrateimplicit, distance- eldbasedshapenodelingwith dynamic,physics-basedhapedesign.HapticFlow
providesanintuitive hapticinterfaceandallows usersto directly manipulate3D polygonalobjectswith ease To demonstrate
the effectivenessof our new approachwe developeda variety of haptics-basedheshediting operationssuchasembossing,
engraing, sketchingaswell asforce-basedhapemanipulationoperations.
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Intr oduction

Polygonalmodelshave becomeprevalentin graphics,animation,and gameapplications. The advancemenbdf 3D laserrangescanning
technologyhasgenerated@ hugedemandor ef cient algorithmsto manipulatenesheshatconsistof millions or evenbillions of vertices.
Commonlyusedmeshediting systemftenrely upon2D mouse-baseihterfacesfor 3D interaction.Direct operationson virtual objects
with a 2D mouseare not as naturaland intuitive asinteractionvia a 3D interface. The advent of haptic devices enablesa hand-based
mechanisnfor intuitive, manualinteractionswithin virtual environmentstowardsrealistictactile explorationandmanipulation.

In this paper we proposeto usePDE-basedurface o w asa new hapticmodelingparadigm.The surface o w formulationprovidesa
uni ed framevork thatcantake advantageof boththeimplicit, distance- eldbasedshapanodelinganddynamic force-basedhapedesign,
andovercomesomeof their limitations. For example,unlike implicit-basedhapticediting systemsuchas[1], no intermediatecorversion
stepis necessaryn our system. Besidesclosedshapespur systemcanalsowork with meshmodelswith openingsandboundaries.In
contrasto theclassicalLagrange-mechanid¢smsedlynamicmodelingtechniquesuchas[2], the proposedurface o w techniquedoesnot
have the second-ordetermfor elasticitybehaior simulation.Hence,in principleit is very suitablefor the processingf very large-scale
polygonalmeshesn a haptics-basednvironment.

Theintegrationof the hapticinterfaceandPDE-basedurface o w techniquemaximizesall the potentialsfrom eachindividual compo-
nents.Thehapticinterfaceis veryvaluableandintuitive for usergo interactwith ourmodelssincebothhapticsanddynamicmodelsdepend
on the samephysicallaws to governtheinteractionof dynamicobjectsandtheir realisticsimulation. To demonstratéhe effectivenessof
our approachwe have developeda prototypemeshediting systemHapticFlow that enableausersto performa variety of hapticediting
toolkits, includingbothdistance- eldbaseperationsaswell asforce-basedperations.

0.1 Prior Work

A distanceeld is ascalarfunctionthatspeci estheminimumdistanceo ashapewherethedistancemaybesignedto distinguishbetween
theinsideandoutsideof the shape Distance eld hasbeenusedto generatsweptvolumes[3], offsetsurfaceg4], andto morphbetween
surfacemodels[5, 4]. Recently Adaptively SampledDistanceFields(ADF) is proposedy Friskenetal. [6]. ADFs consistsof adaptvely
sampleddistancevaluesorganizedin a spatialhierarcly of datastructuresandwerelaterincorporatednto a prototypesculptingsystem
called“Kizamu” [7] developedby PerryandFrisken.



As for haptics-basedomputing,a goodintroductionto hapticrenderingcanbe foundin [8]. Salishury andhis colleaguesieveloped
the PHANTOM hapticinterface,which hasresultedin mary hapticrenderingalgorithms.Morgenbesseand Srinivasan[9] pioneeredhe
conceptof force shading.Kim etal. [10] presentea ratherdifferentimplicit-basedhapticrenderingtechnique.Despitethe widespread
applicationof hapticsin visual computingareas haptics-basethteractionwas mainly appliedto touchingcompliantobjects(i.e., haptic
rendering). Whereashaptic modelingallows designergo directly manipulateobjectswith force feedbackfor the purposeof modeling
or deformingobjects. Foskey et al. [11] presentedh touch-enable@D modeldesignandtexture painting systembasedon subdiision
surfaces.Balakrishnaret al. [12] developedShape#@pe a curve andsurfacemanipulationtechniquethat cansenseusersteerechending
andtwisting motionsof therubbertape.

PDE-BasedSurfaceFlow

Thegeneraformulationof geometricsurface o w is anon-linearinitial-valuepartial differentialequation(PDE):
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whereF is the velocity function, t is the time parameterk andk® arethe surfacecunatureandits derivative at the point p, andf™is the
externalforce. Sp(p) is theinitial shapeof themodel. T is theunit directionvectorandoftentimesit is the surfacenormalvector

In generaltherearetwo approacheto numericallysimulatePDEssuchasEquationl: explicit Lagrangiarapproachor implicit level-set
approach.n this paper we take the Lagrangianapproachi.e., the geometryandtopologyof the modelarealwaysexplicitly represented
throughouthe simulationprocessin particular Equationl is numericallyapproximatedisingthefollowing explicit iterative equation:

S(pit+ t)=S(pt)+ F(pt)O(pit) t &)
The adwantageof explicit simulationof surface o w is thatthe usercandirectly interactwith the polygonalmodelswithout ary inter-
mediateconversionstepswhile the challengds thatwe needto explicitly maintainthe modelregularity andto beableto handlecollision
detectionandtopologymaodi cation accuratelyduringthe deformationprocessWe will discussssuegelatedto the explicit simulatingof
surface o w suchasmeshregularity in the next section.Our approachesf handlingcollision detectionsandtopology modi cations are
describedn laterpartsof the paper
Thevelocity functionF in Equationl is application-dependerit,canbeeitherdirectly providedby theuser or moregenerally obtained
asagradientdescento w by the EulerLagrangesquationof someunderlyingenepgy functionalsbasedon the calculusof variation. One
of theimportantPDE we usedfor distance- eldbasedshapemanipulation(Section0.5)is the simpli ed versionof the weightedminimal
surface o w [13] asthe PDE of Equationl :
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where,H is the meancunatureof the surfaceandis actingasa smoothingconstraint.v is the constantvelocity, which will enablethe
corvex initial shapeto capturenon-cowex, arbitrarily complicatedshapes.N is the unit normalof the surface. g is the non-increasing,
non-ngative weight function that will stopthe deformationof the modelwhenit reacheghe shapeboundary We de ne the stopping
functiong asthe commonlyused3D edgedetector:
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where,| isthedistanceeld functionandr isthegradientfunction. Themeancunaturevectord usedin Equation3 is calculatedoy the
discretecurvatureestimatomproposedy Desbruretal. [14]:

SurfaceFlow Simulation

0.2 Model Regularity

To ensurethe numericalsimulationof the surface o w to proceedsmoothly we mustmaintainthe regularity of the modelsuchthatthe
modelhasa goodnodedistribution, a propernodedensity anda goodaspectatio of thetriangles.This is achieved by the incorporation



of meshoptimizationand Laplaciansmoothing. Note that, thesetechniquesare appliedonly to regions of the polygonalmodelthat are
deformingatthe currenttime step.

0.2.1 Mesh optimization

Therearethreecommonlyusedmeshoptimizationoperationg15]: edgesplit, edgecollapse andedgeswap. Edgesplit andedgecollapse
areusedto keepanappropriatsnodedensity An edgesplitis triggeredf theedgelengthis biggerthanthemaximumedgelengththreshold.
Similarly, an edgewill be collapsedf its lengthis smallerthanthe minimum edgelengththreshold. Edgeswappingis usedto ensurea

goodaspectatio of the triangles. This canbe achieved by forcing the averagevalenceto be ascloseto 6 aspossible[16]. An edgeis

swappedf andonly if thequantity 02 (valence(p) 6)? is minimizedaftertheswappingwhere representthefour verticesin the
two adjacentrianglesof thecurrentedge.

0.2.2 Laplacian smoothing

Laplacianoperatorin its simplestform, movesrepeatedlyeachmeshvertex by adisplacementvhich equalgo a positive scalefactortimes

theaverageof theneighboringvertices.Considera meshvertex p andits neighborsQ:;  ; Qn, theLaplacianoperatorO is:
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ThetangentiaLaplacianoperatoris usedto maintaina goodnodedistribution andis de ned as:
T(p) = C[O (O n)n; (6)

wheref is thenormalvectoratvertex p andC is a positive constant.

0.3 StepSizeEstimation

When adwancingthe model using surface o w, we mustenforcea constrainton t. In particular the time stepmustsatisfy the CFL
condition(a.k.a.,Courant-Friedrichs-Lwy stability criterion),i.e.,thevelocity of changemustbestrictly restrainedy the minimumdetail
in thesystem.In our systemthis conditionis
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whereme is the minimum edgelengthand M« is the maximummagnitudeof the velocity F. Before eachdeformationstep,we will

calculatethe velocity F at eachvertex pointanddeterminethe maximummagnitudeof the velocity M ¢ . Thus,a propertime stepcanbe
obtainedfrom (7).

t

SurfaceFlow BasedHaptic Editing

Our systemsupportstwo typesof hapticediting operations.The usercan eitherdirectly manipulatethe meshmodelby exerting forces
throughthe haptic device, or alternatvely, de ne a local distance eld usingthe hapticdevice, and evolve the surfaceaccordingto the
userde ned distanceeld.

In generaltherearefour mainstepsduringatypicalinteractve designprocess:

1. Theuserspeci esaregion of themodelto be deformedby usingthe hapticscursor
2. Theuserexertsforcesor de nesalocal distanceeld throughthe hapticdevice.
3. Thecorrespondingegion of the modeldeformsaccordingto the PDE-basedurface o w (Equationl).

4. During the deformation the systemautomaticallydetectsthe potentialcollisions betweendifferentpartsof the modelandchange
thetopologyaccordingly



0.4 Force-BasedShapeManipulation

In our system the usercandirectly manipulatethe polygonalobjectsby applyingforcesthroughhapticdevice. We emplgy the Hooke's

law to generateheforce, ™ = K(Peur s Psur £ ), Wherepsyr ¢ IS the surfacepoint on the meshwhich the userinitially picks up, peur s

is the hapticscursorthat the usercontrolsto deformthe mesh,andk is a positive spring constant. Usually the longer force vector

(Psur f Peur sor ), theusers actionintroducesthe larger externalforce will be generated Simultaneouslyan equalbut oppositeforce,
7, will feedbackto theuserthroughthe hapticdevice to getthe hapticfeeling.

To controltheregion of in uence of the appliedforce, we usea nite supportedGaussiarfunction, S(d), to distribute the forceinto a
setof meshpointsin the nearbyregion. Theforceataneighboringsurfacepointe is calculatedas: g = S(ke¢  psur 1 K)f™

The computedorce g is thenpluggedinto the right handside of Equationl to guidethe deformationof the model. Here,the speed
functionF of Equationl becomesS(ke psur 1 K)jjT]j, theunit directionvectoris %

Figure5(b) shavsanexamplecreatedisingourforce-basednanipulatiortools. Here thenoseis createdy dragginghemeshoutwards,
themouthis createdby pushingthe meshinwards. Thetwo eyesarecreatedby hapticdrilling, i.e. keeppushingthe meshinwardsuntil it
collideswith theotherpartof themesh andaholeis createdy topologymeing. Thestonesn Figure3 arealsocreatedisingforce-based
manipulationtheretheregion of in uence is muchlarger, hencea moreglobaldeformationeffectis achieved.

0.5 Distance-FieldBasedShapeManipulation

Our systemalsosupportdistance- eldbasedneshediting. Usingthe hapticdevice, the userinteractiely dravs some2D or 3D strokes,
eitherdirectly on the meshor stemaway from the mesh. Strokesarethendenselysampledby the systemasa combinationof Gaussian
blobsthatareassignedvenly at eachpoint. Simultaneouslythe affectedregionsof the underlyingmeshmodelwill automaticallydeform
accordingo thecorrespondinglistancefunctionsgeneratedy the stroles.

Duringtheeditingprocesstheusermayfeel forcefeedbackrom the hapticdevice generatedby thefollowing forces:compressie force
andfriction force. The compressie force will preventthe userfrom breakingthroughthe surface,while the friction force will give the
userarealisticfeelingof the bumpinesof the surface. The compressie force canalsobeusedto de ne the strengthof theassignedlobs.
Figurel shavs the hapticuserinterface.

0.5.1 Compressive force

Thecompressie forceat ¢ is alongthe surfacenormalr; atthe closesisurfacepointp,

= (¢ p) np, if(a P) Ap<O;
R = .
0; otherwise
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whereg denoteghe positionof the hapticscursor andp denotegheclosesipointp onthepolygonalsurfaceto & Fromtheabove equation,
we canseethatif the hapticscursoris runningout of the polygonalobject,the compressie forceis equalto zero. An equalbut opposite
force, f% will befed backto the userthroughthe hapticdevice to let the userfeel the resistancevhenthe hapticscursoris trying to

runninginsidethe polygonalobject.

Inspiredby the Chinesebrushpaintingandcalligraply, in our systemwe associatéhe magnitudeof the compressie forcekf k to the
strengthof theassignedlobs. The biggercompressie forcethe userexertson the surface thelarger strengthof ablob will beintroduced.
Thisallowstheuserto interactizely andlocally controlthe sizeof to-be-embosseshape Thevariationof thewidth of the stroke is created
by thevariationof the compressie forcethe userappliedthroughthe hapticdevice.

0.5.2 Friction force

Usingthe compressie force,we caneasilyde ne thefriction force asfollows,

¥,
fo= KMkt 9
° " Tktpk’ ©
wherefy, is thecompressie forcewhenthehapticscursoris atpositions, ¥ is the projectionof thevelocity of the hapticscursorats onto
thetangentplaneof the closestsurfacepoint p. Thefriction forceis a passve force purelyfor hapticrenderingpurpose.lt only feedback
to theuserandis not participatingin the surfaceevolution process.



Figure2 shavsanexample.Here,a$ signis embossedn thebunry-bankmodelby directly sketchingtwo strokesonthemeshusingthe
hapticdevice. The Gaussiarblobsareassignedvenly ateachsamplingpoint. During theeditingprocesstheuserwill feelforcefeedback
from the hapticdevice generatedy the aforementionedriction force andcompressie force. Engraving effect canalsobe achieved by
simply setthe deformationdirectionasthe oppositeof the normalvectorof eachvertex in the affectedregion. The coin slotis createcby
placinganimplicit cubeon the backof thebunry andremoving all the verticesthatareinsidetheimplicit cube.

Figurel: Thehapticuserinterface. Figure2: Thebunry-bank. Figure3: Thestar shin thesea.

Theusercanalsode ne distanceeld throughfree-handsketching,i.e. drawing strokesaway from existing mesh. Figure4 shows an
example.Theinputis apolygonalmodelof agoblet(Figure4(a)). Now, the userwantsto addtwo handlesonthegoblet. Sohe/shesimply
dravstwo curvedstrokesatbothsidesof thegoblet. A distanceeld is thencreatedy summingupthe Gaussiariunctionsthatareassigned
ateachpoint(shavn asreddotsandgreendotsin Figure4(a))onthetwo strokes. Theoriginal gobletmeshwill grow simultaneousialong
thetrackof the strokesto form a championtrophy asshaw in Figure4(b).

(@) (b) @ (b)

Figure5: (a) The spiral tail of the mannequin.(b) The hapgy monster

Figure4: Thechampioncup.
head.

The star sh in Figure 3 andthe spiral tail on the back of the mannequinn Figure 5(a) are both createdin this fashionaswell. For
example,in Figure3, startingfrom a simplesphere-like polygonalmodelin the center the useriteratively draws ve curved strokesaway
from the original mesh.Theoriginal meshwill thengrow alongthenewly de ned distancefunctionsandcreatethe velegsof thestar sh.
Notethat, sincethe strokesare createdn the “air”, thereareno force feedback.The hapticdevice is usedasa 3D pointing device only.
Theusercaneitherassigna constandensityvaluefor the Gaussiarblobs(Figure5(a)), or linearly interpolatethe densitybetweenra start
valueandaendvalue(Figure3).

Particle-BasedCollision Detection

Onekey challengdan simulatingcontinuoussurfaceevolution of anexplicit deformablemodelis in performingcollision detectionsothat
surfaceinterpenetrationsanbedetectecaindhandledproperly Therehasbeenconsiderableesearclonthe problemof collision detection;
in general existing methodsare either object-orientedoundingvolume methodor domain-orientedpatialdecompositiormethod. The
ideabehindtheseapproachess to approximatehe objects(with boundingvolumes)or to decomposé¢he spacethey occupy (usingdecom-
position),to reducethe numberof pairsof objectsor primitivesthat needto be checled for contact. We proposea hybrid approactthat



candetectpotentialcollisionsbetweerdifferentpartsof the surfaceboth accuratelyandef ciently by combiningthe advantagef both

the spatialdecompositiormethodandthe boundingvolumemethod.A spatialdecompositiormethod(a uniform occupanyg grid) is used
for fastcollision-rejectiorbetweerverticesthatarelocatedat non-neighboringyrid cells. A boundingvolumemethod(boundingspheres)
is usedfor detectingootentialcollisionsbetweerverticesthatarelocatedwithin the sameandneighboringgrid cells.

We considerthe objectasa particle system(connectedy edges}hatis boundedby partially overlappingspheref radiusr centered
at eachparticles(i.e., verticesof the object). Potentialcollisions betweendifferentregions of the objectarethendetectedby potential
collisionsbetweenpatrticles. Sinceour modelalways maintainsexplicit maximum/minimunthresholdgor the edgelength,the radiusr
canbe pre-calculatedA potentialcollision is detectedf the distancebetweenrary two non-adjacenterticesis smallerthanr . To further
speedup the performancea uniform occupang grid is superimposedn the domainspacefor fastcollision-rejection.Eachvertex of the
objectwill belongto agrid cell, andeachgrid cell will storetheindex/pointerof theverticesthatbelongto thecurrentgrid cell. Thesizeof
thegrid cellis decidedby theradiusr of theboundingspheresothatcollisionscanonly occurbetweenverticesin the sameor neighboring
cells. At thebeginningof eachdeformatiorstep the occupang grid needto updateits verticesinformation. This canbe donelocally since
only afew verticeswill move ateachdeformationstep,andit usuallytakesconstantime, or atmostO(n). Figure6 shavs a 2D illustration
of the collision detectionscheme.Here, the two moving curvesare boundedby partially overlappingcirclesof radiusr (shovn in dark
circlesin Figure6 (a)) centeredateachparticles.Severaltime stepdater, thedistancgjP  Qjj betweerparticleP andQ becomesmaller
thanr (Figure6 (b)) anda collision is detected. Thesetwo vertices(P and Q) will be deactvatedand sentto the following topology
modi cation step.

(@ (b)

Figure6: Particle-basedollision detection.

TopologyModi cation

Therearetwo typesof topologymodi cations: topologymemging (i.e. axial melting) andtopologysplitting (i.e. axial constriction).In our
currentsystemonly topologymenging is implementedandis conductedn a sequentiafashion,.e. atmostonetopologymeige operation
canoccuratary time. Moreover, to ensurahecorrectnessf thealgorithm,atopologymeigeoperationcanoccuronly afterall thevertices
of themodelbecomedeactvated(i.e. not move arymore). Therearethreestepsin thetopologymeiging operation:

1. Find apairof meging verticesandalign their one-neighborhood® faceeachother
2. Putthetwo one-neighborhoodsito correspondence.

3. Reconnecthetwo one-neighborhoods.

0.5.3 Find a pair of center vertices and align their one-neighborhoods

The rst stepof the algorithmis to pick the bestpair of meging verticesto sene asthe centervertices. Speci cally, we will calculate
theinner productsof the normalvectorsof all pairsof mewging verticesandchosethe pair with the smallestinner product. If theangular
deviation of the normalvectorsof this pair of verticesis smallerthana certainthreshold(e.g. 30 degrees) they will be pickedasthe two

centerverticesotherwisenotopologymeigeoperations allowedatthe currenttime step.Next, all theone-neighborhooderticesof these
two centerverticeswill be projectedonto the plane(passingthe centervertex) thatis perpendiculato the vector connectingthesetwo

centervertices.This way, thetwo one-neighborhoodsill faceexactly towardseachother(Fig. 7(a)-(b)).



0.5.4 Put the two one-neighborhoods into correspondence

After thetwo one-neighborhoodsrealignedto faceeachother they will beputinto correspondenday thefollowing procedureiteratively
re ne the one-neighborhoowho hasfewer verticesby splitting its longestedgeuntil both of the two one-neighborhoodsave the same
numberof vertices,then choosean alignmentthat minimizesthe sum of squareddistancesdbetweencorrespondingrerticesof the two
one-neighborhoods-or example,in Fig. 7(b), originally the one-neighborhoodf vertex A has ve nodes:fA1;A2; As;As; Asg, the
one-neighborhoodf vertex B hassix nodes:fB1;B2; B3;Ba4;Bs; Bsg. To make thesetwo one-neighborhoodsave the samenumber
of nodeswe rst nd thelongestedgeof the one-neighborhoodf vertex A, whichis the edgebetweemodesA ; andA ., andthensplit
this edgeinto two edgesandinserta new nodein between. Finally, we put thesetwo setsof verticesinto correspondencby nding

the alignmentthat minimizesthe sumof squareddistancedetweemodes.In Fig. 7(c), verticesf A1;A2;  ; Aegg arecorrespondindo
fB1;B2; ;Beg, respectiely.

0.5.5 Reconnect the two one-neighborhoods

After thetwo setsof one-neighborhooterticesareputinto correspondence&achvertex is connectedvith its correspondingertex in the

oppositeone-neighborhoodThe two centerverticesandall its incidentedgesareremoved (Fig. 7(d)). The newly createdquadrilaterals
arefurthertriangulatedoy splitting eachquadrilateralnto two trianglesalongoneof its diagonalgFig. 7(e)). Theaforementionednodel-

relaxationoperationgSection0.2) canquickly smoothout ary artifactsthat may resultfrom the matchingprocedureoncethe topology

memging operatiorhasbeencompleted.

@ (b) (© (d) (e)

Figure7: Topologymege.

Systemimplementation

Haptics-basedpplicationsdemancdhigh updaterates thereforeit is both desirableandnecessaryo employ multiprocessocomputergo

accelerateomputation We develop multi-threadedmplementatiorandparallelalgorithmsin orderto take advantageof parallelcompu-
tationalarchitecturdor performanceémprovement. The haptics,graphics,andsimulationcomputationsare eachassignednethread. A

SensAbleTechnologies PHANToM is employed asa hapticdevice for hapticinput andforce feedback. The hapticdevice is attachedo

alow-endPC.Anotherdual-processoXEON PCwith NVIDIA's GeForcedgraphicscardis usedfor simulationanddisplayof polygonal
objects.Figurel shaws the hapticuserinterface. The surfaceevolution simulationandhapticscomputatiorareweakly coupledsincethe
hapticscomputation's muchfasterthanthe surfaceevolution simulationandthe force updaterate hasto run at abore 1kHz. The weak
couplingis implementedhroughusingthe sameobjectrepresentatiofior both computations.Therefore the visual feedbackand haptic
feedbaclareconsistentvith eachother

Conclusion

We have presentedapticFlow, a haptics-basethteractve meshediting systemfoundeduponPDE-basedjeometricsurface o w. Hap-
ticFlow maximizesthe potentialsoffered by both the surface o w and hapticinteractions. It providesan intuitive hapticinterfaceand
allows usersto directly manipulate3D polygonalobjectswith intuitive force feedback.

During this researctwork, we have alsoobsered thatthe o w-basedapproacthassomevery appealingpotentialson accomplishing
paralleldesigntasksthataresimultaneouslyperformedoy severaldesignersSowe planto furtherextendHapticFlowinto a network-based
collaboratve designframevork. Throughvariousexperimentswe foundthatnaive usersoftentimeshave dif culties to determineghedepth



informationof the hapticscursorthroughthe 2D monitorscreen An implementatiorof stereoscopigisualfeedbackon a semi-immersie
VR environmentsuchasworkbenchwould de nitely helpthoseusersto gain a muchbetterunderstandingf the 3D shapegeometryand
performthe directgeometricdeformatiorthroughuserimmersion.
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